Children with Developmental Coordination Disorder (DCD) are a group embracing clumsiness and developmental dyspraxia. Our study provides a better understanding of the nature of DCD and its etiology, and identifies subtypes of dyspraxia. Forty-three children with DCD (5-15 years) were enrolled on the Diagnostic and Statistical Manual of Mental Disorders (4th ed.
[DSM-IV-TR]; American Psychiatric Association, 2000) criteria. Extensive standardized evaluations were conducted. We distinguished from two patterns of "pure" developmental dyspraxia: ideomotor and visual-spatial/visual-constructional, and mix dyspraxia with more co-morbidities. Our study provides a better understanding of the nature of DCD, and sheds light on its etiology and brain dysfunction, so as to identify subtypes of developmental DCD/dyspraxia with specific clinical criteria.
Descriptions of children with mild motor coordination deficits and clumsy movements have been discussed in the literature since the early 1900s, for instance by Collier who referred to "congenital clumsiness" (Ford, 1966 ; for a review, Vaivre-Douret, 2007) . In 1969, a French Child psychiatrist and psychologist (Ajuriaguerra (de) & Stambak, 1969) described "child dyspraxia," by reference to "constructional apraxia" of adults, and defined it as a disorder of body integration interfering with spatial organization. Ayres (1972) and Gubbay (1979) who at first used the term "developmental apraxia" later preferred to use the term "dyspraxia." The term "developmental dyspraxia" was applied to children falling into the category described as "clumsy" (e.g. Lesny, 1980) . "Developmental dyspraxia" also appeared in the literature with the work of Denckla (1984) , or Cermak (1985) . Dyspraxia is also presented as a constitutional developmental disorder involving an impairment in learning or in performing non-habitual motor tasks typically identified in children. This is defined as a failure to have ever acquired the ability to perform given age-appropriate complex motor actions or voluntary motor activities activity, in absence of physical and/or neurological disorder, or general intellectual retardation. In contrast, "apraxia" is an acquired disorder that leads to the loss in the ability to accomplish previously learned skills.
Thus, dyspraxia is not a simple version of adult apraxia, which most commonly consists of difficulties in planning and execution of complex movement sequences in adults with brain damage, where the cortical lesion is often located in the left parietal lobe, in the pre-motor cortex, in the supplementary motor area (e.g., De Lange, Hagoort, & Toni, 2005) or in the frontal cortex in association with language impairments such as aphasia. However, there is a difficulty in medical and scientific communities in defining dyspraxia because varying terminologies are used in the literature to describe children with coordination difficulties (for a review, see Missiuna & Polatajko, 1995) .
It thus appears that dyspraxia and DCD are often regarded as synonymous. The term DCD was the first to be introduced by the American Psychiatric Association in the Diagnosis and Statistical Manual, Revised third edition in 1987 and recently in the DSM-IV and DSM-IV-TR revised in 2000.
Children with DCD represent a significant proportion of school-age children. DCD is a common disorder with an estimated prevalence of 6% between 5 and 11 years of age, with higher incidence among boys than girls (American Psychiatric Association, 2000) .
Children with DCD are a heterogeneous group, embracing clumsiness and developmental dyspraxia. DCD appears as a collection of conditions without any clearly defined clinical signs and symptoms or any specific disorder as found in the definitions of other developmental disorders like Autism or attention deficit disorder. This lack of diagnostic specificity does not assist understanding of the interplay between the different mechanisms and processes in DCD.
ETIOLOGY
The etiology of developmental dyspraxia and DCD is unknown but seems to be connected with maturational processes in the central nervous system. However, no consensus has been established, while heterogeneous causes are suggested: prematurity, impairment of dominant cerebral hemisphere, sensory integration disorder, perinatal factors consecutive to anoxia or to hypoxia. Other proposed causes have involved inter or intra hemispheric connection disorders (Geschwind, 1975) , cortex, cerebellar or basal ganglia dysfunction (Lundy-Ekman, Ivry, Keele, & Woollacott, 1991) , parietal dysfunction (Lesny, 1980) . A high incidence has been noted of non-specific cerebral abnormalities in positron emission tomography (PET) or in magnetic resonance imagery (MRI), with cortical atrophy or demyelinization (e.g., Knuckey, Apsimon, & Gubbay, 1983) , thinning of the corpus callosum and moderate ventricular dilatation (Vaivre-Douret, 2002 ). Oculo-motor or gaze disorders have also been observed (Mazeau, 1995) and neuro-visual abnormalities have been shown in some studies on coordination disorders (Sigmundsson, Hansen, & Talcott, 2003; Ingster-Moati et al., 2005) . It is also well known (Grönqvist, Gredeback, & Hofsten, 2006 ) that the posterior parietal and superior temporal lobe regions are involved in smooth pursuit movement (SP) and the networks for vertical SP mature later than those for horizontal SP (Ingster-Moati et al., 2009) . The study by Mon-Williams, Mackie, McCulloch, and Pascal (1996) on the visually evoked potentials (VEP) in 14 children with DCD, allowing for inattention and movement artefacts, showed no significant differences between the control group and the DCD group times, but significantly smaller VEP amplitude in children with DCD.
ATTEMPTS AT CLASSIFICATION
In studies on series of analytical factors, Ayres (1972) defined the nature of the disorder in developmental dyspraxia as a sensory integration problem characterized by difficulties in planning movement sequences and not just in executing them. This author identified deficits in processing somato-sensory information with respect to tactile and kinaesthetic perception and she suggested that the dorsal column medial lemniscal system seems to be involved in fine motor tasks, whereas the vestibular system is more involved in gross motor performance.
According to Cermark (1985) , Roy's classification (1978) for apraxia in adults seems to describe the typology of dyspraxic children. For Cermark (1985) , there are two types of dyspraxic disorder: motor planning disorder and executive disorder. The results of Ayres's work (1972) pointed to an integration disorder that seems to correspond to a deficit in motor planning, such as secondary planning dyspraxia disorder. Dewey (1991) has shown in a study that children with sensory-motor dysfunction demonstrated deficits in the performance of symbolic representational limb gestures (more for transitive than intransitive gestures) and action sequences, both on verbal command and by imitation. These results show an ideomotor and ideational disorder similar to the category of apraxic adults corresponding to planning dyspraxia (ideo-motor dyspraxia).
An attempt at classification (Albaret, Carayre, Soppelsa, & Michelon, 1995) involved four groups of French dyspraxic children in a multiple correspondence factorial analysis. The first group obtained is characterized by lack of fine manual coordination and dysgraphia, the second is associated with a lack of manual coordination, constructive and ideo-motor praxic disorders, slowness and synkinesis disorders. The third group contains the most acute disturbances with a general impairment in all study variables. The fourth group was associated with a lack of manual coordination, synkinesis disorders, balance disorders and slowness. Thus the reporting on particular types of impairment may be influenced by the characteristics chosen by researchers to measure them (Missiuna, & Polatajko, 1995) .
CLUSTER ANALYSIS
Some recent studies have used cluster analysis as a method to identify distinct subtypes of children with DCD. In this approach a set of measurements is acquired and subjects are grouped together on the basis of the profiles of their scores. However, the subtypes reported by these studies differed with respect to the variables or measures included, the numbers and characteristics of the subjects and the statistical methods. These methodological choices can be important for the interpretation of the cluster structures obtained (for a review, see Macnab, Miller, & Polatajko, 2001 ). For example, Lyytinen and Ahonen (1988) tested motor control, global motor coordination (balance and jump), fine motor coordination, synkinesis (co-movement and mirror movements), kinaesthetic perception, and visual-spatial perception (VMI, Beery, 1982) , and also they identified six clusters. Miyahara (1994) used only the gross motor subtests from the Bruininks Oseretsky Test of Motor Profiency (BOTMP, Bruininks, 1978) and Wright and Sugden (1996) from the M-ABC Test (Henderson & Sugden, 1992) , and found four subtypes. Despite differences in the variables used in the cluster analysis, studies on subtypes of DCD mainly used measures of performance on gross motor skills (Visser, 2003) , except for Lyytinen and Ahonen (1988) , Dewey and Kaplan (1994) , Hoare (1994) and Macnab and colleagues (2001) who also used perceptual motor measures, and Dewey and Kaplan (1994) who are the only researchers to have used transitive gestures with motor sequencing.
There emerges from this research a set of standardized motor assessments typically used by researchers and clinicians: M-ABC (Henderson, & Sugden, 1992) , BOTMP (Polatajko, & Cantin, 2005) , and TOMI (Stott, Moyes, & Henderson, 1984) (the M-ABC being particularly widely used). They have become de facto standards because of the frequency of their use in research and practice. Although these measures are used to identify children suspected of DCD, results of a comparative study have shown that the M-ABC identifies more children as having DCD than the BOTMP. However, the M-ABC test does not enable appreciation of specific neurodevelopmental markers of brain system development because sensory-motor function, and motor milestones are regarded as screening indices of general neural integrity and not as indices of neuro-developmental processes. Such test batteries are useful, but it is very difficult in studies on DCD subtypes to interpret the results solely on motor-based performances. The type and cause of impairment needs to be analysed by means of neuromuscular examination. In addition, visual-motor perceptual performance is not widely investigated.
It is regrettable that co-morbidities and soft neurological signs have not been considered in most of the studies on DCD so as to enable a better understanding of the semiology and etiology of DCD. Indeed, according Rasmussen and Gillbert (2000) and to Kaplan, Wilson, Dewey, and Crawford (1998) in the DCD population, co-morbidity (attention deficity hyperactivity disorder [ADHD], specific language impairment) tends to be the rule rather than the exception. As underlined by Macnab and colleagues (2001) in the literature there are many inconsistencies in the descriptions of DCD and it is not known whether they are due to sample variation or to the existence of discrete subtypes (Rourke, 1985) .
Studies on subtypes of DCD do not sufficiently take account of soft neurological signs pointing to the areas of cerebral involvement. There is indeed evidence of cerebellar involvement (for a review, see Visser, 2003 ). An integrative model proposed was by Vaivre-Douret (2007) in a first clinical approach, in order to understand the various stages in cerebral processes and their structural involvement in developmental dyspraxia.
In summary, a few studies have investigated different functions together in DCD children, such as neuromuscular tone and specific difficulties-academic, language, gnosic, visualmotor/visual-perceptual, and executive-in children exhibiting different types of sensory-motor deficit. Such investigations are useful if they differentiate between normal and deviant children, but the type and cause of deviation needs to be analysed by means of neuromuscular tone examination. A complete investigation using different measures of function could provide a better understanding of the nature of DCD, and could cast light on mechanisms and etiology, and on associated brain dysfunction, so as to identify subtypes of developmental DCD/dyspraxia with specific clinical criteria.
METHOD Participants
This study was conducted by Inserm Unit 669 in the out-patient consultation of the Child Psychiatry Department, Necker Hospital, Paris. Informed consent (parents and children) to participate was mandatory. Institutional review board approval was obtained for the investigations. A sample of 43 children with dyspraxia or DCD aged between 5 and 15 years (M = 8.31; SD = 2.39) comprising 8 girls (19%) and 35 boys (81%) were enrolled between September 2005 and January 2007. They were initially selected on DSM-IV-R criteria from a clinical population of children from the Paediatric Department of Port Royal-Cochin Hospital and from the Child Psychiatry Department of Necker Hospital, France. They were screened during a first outpatient clinic consultation for mild to moderate motor-coordination difficulties interfering with the performance of daily activities (Criterion A, DSM-IV-R, American Psychiatric Association, 2000) and with academic achievement (Criterion B, DSM-IV-R), but without psychopathology trouble. Children were included in the study if they had not been previously assessed, or managed by an occupational therapist, and were not taking medication. Ineligibility criteria were as follows: visual or auditory deficit, neurological impairment (including traumatic brain injury), ADHD, or any other psychiatric abnormalities (even minor ones), preterm birth (<37 weeks). Overall, 43 children were identified as having DCD following DSM-IV-R criteria. Participants, whose parents' socioeconomic status (SES) range from middle to high level, were all Caucasians. However, SES and ethnicity were not considered as exclusion criteria.
Procedure and Testing Materials
At first, based on our previous clinical trial ( Vaivre-Douret, 2007) , questions were asked of parents on the following: pregnancy and delivery (birth term, abnormalities); age of the first motor acquisitions (sitting alone, crawling, walking alone, first sentences). Visual refraction disorders presented by the child (myopia, astygmatism, hypermetropia) and disorders such as repetitive otitis, were noted. Difficulties with block-building or constructive manipulatory play, such as Lego blocks, following a model and completion of puzzles, as reported by parents, were also noted. Learning disabilities based on school failure in certain academic performances (such as arithmetic, handwriting) were noted from school reports. In the second phase, extensive neuro-psychological and neuro-psychomotor evaluations with neuro-visual examination were administered and high-resolution cerebral anatomical MRI was performed. Various cerebral functions were assessed using published tests administered in accordance with standardized instructions. All test scores were standardized following authors' scoring guidelines. They all are expressed as either deviation from population mean in standard deviation units (failure if <1 SD) or as a score distribution (failure if < 20th or 30th percentile age-adjusted, depending on the test under consideration). It should be noted that the percentile-based cutoffs used throughout this study are rather large, which might lead to a higher prevalence for some of the reported impairments in this particular sample. Although the use of such cutoffs only apply to three tests, this might limit the generalizability of our findings on a wider population where other cutoff may be applied. For most of the tests, cutoff scores varied with age.
Neuro-psychological assessment. In the neuro-psychological assessment, all children completed all subtests of a standard Wechsler measure of intelligence. Other specific standardized tests were administered: visual-perceptual-motor tests such as visual constructional skills (reproduction of a block design, Khos, 1972) , visual-spatial structuring (manual copy followed by visual-spatial memory of a complex geometric figure, Rey (1959) and the Visual-Motor Integration test (VMI, Beery, 1982) ), which requires the child to make a manual copy of a series of 24 geometric drawings of progressively increasing difficulty. The visual-spatial attention was assessed with a bell-crossing test (Odédys, 2005) similar to that proposed by Gauthier, Dehaut, and Joanette (1989) . Mental executive functions (mental planning) were assessed with the Porteus Labyrinth test (1952) , and the Tower of London test by Korkman, Kirk, and Kemp (2003) . A handwriting scale was used to detect dysgraphy by assessing the quality of gesture and the regularity and form of letters (Ajuriaguerra, Auzias, & Denne, 1989) . A score of 19 to 25 points indicates a significant abnormality. We also assessed visual perception (visual gnosis) tasks (recognizing forms, Frostig, 1973 ; tangled lines and the naming of animals seen in outline from the rear) (Rey, 1941) , language screening battery (Odédys, 2005; N-EEL, ChevrieMuller, & Plaza, 2001) , which included tasks of reading, repetition of words and logatoms, picture-naming speed, meta-phonological tests, auditory memory and working memory tasks (digit span). We added a "status test" to examine kinaesthetic perception (memory), positioning the child's arm and finger and asking him with eyes closed to remember and repeat. Both had to be successful to score positive. In addition, during all tests we noted whether or not the child was restless, suggesting hyperkinesia.
Neuro-psychomotor assessment. The neuro-psychomotor evaluation consists of a French standardized functional development assessment, "the neuro-psychomotor functions in children" battery (NP-MOT) . According to the test manual, overall testretest reliability is good, ranging from 70% to 98%. Correlation coefficients for the NP-MOT battery with the LOMDS (Lincoln-Oseretsky Motor Development Scale, Rogé, 1984) similar to the Bruininks-Oseretsky Test of Motor Proficiency (BOTMP, 1978) for upper-limb coordination, balance and bilateral coordination subtests were found to be .72 to .84. Regarding specificity, the NP-MOT battery is a standardized normative instrument with identical subtests for any age (with expected saturation for subjects aged 8 years or more) to measure developmental maturation with qualitative (movements) and quantitative (speeds) assessments for each item of each function: neuromuscular examination, gross motor-control tasks, laterality, praxis, digital gnosis, manual dexterity, body spatial integration, rhythmic tasks, auditory-attentional task (see Appendix for tasks description). Neuro-developmental maturation depends on the neurological mechanisms on which the function is based. Its assessment also enables detection of minor neurological signs, the so-called soft-signs (Bert & Touwen, 1979; .
Neurovisual examination.
A set of electro-physiological visual tests were performed including electro-retinogram, visually evoked potentials and motor electro-oculogram in order to study the sensory and visual motor pathways. For the electro-oculogram (EOG), skin electrodes provided by Metrovision© (59840 Perenchies, France) were used to study vertical and horizontal eye movements, as in a study already conducted in our child patients (Ingster-Moati et al., 2005 , 2009 ). Calibrated amplitude and velocity of horizontal and vertical smooth pursuit (SP) were compared to normative values obtained in a normal sample (Ingster-Moati, Vaivre-Douret, Delouvrier et al. 2005) . A photopic full-field Electroretinogram (ERG) was performed to check the integrity of retinal function. The children's pupils were not dilated. The Metrovision© apparatus was used for stimulation and recording. The input impedance of the amplifiers was 1000 G . During the ERG recordings, the child continued to sit comfortably and his or her head rested on a head restraint; the child was instructed to look straight forward and open his or her eyes. Patterns of visually evoked potentials (VEP) were also recorded. The stimuli consisted of a highcontrast black and white check of 60, 30, and 15 pattern element size in minutes, in a field of 30
• as recommended by the International Society for Clinical Electrophysiology in Vision (ISCEV) standards. Amplitudes and peak latencies of ERG and VEP were compared to normative values.
Anatomical MRI: Brain Imaging: T1, T2, and FLAIR Anatomical MRI was performed with a 1.5 Tesla (Signa General Electric) scanner using the following sequences: 3D T1-weighted sequence, axial and coronal FSE T2-weighted imaging and coronal FLAIR sequences.
Statistical Analysis
Association between variables were tested using chi-squared statistics. In the case of a quantitative variable (e.g., IQ), between groups comparisons were based on one-way ANOVA; post-hoc tests (HSD Tukey) to assess pair-wise differences are also reported. In all cases, statistical significance was assessed at the 5% level. In order to validate our clinical results, we used two statistical approaches, Factor analysis, and Cluster analysis. These enable the underlying structure to be found for the variables and the subjects, respectively. It should be noted that for cluster analysis, we were not considering the clinical label associated with each subject. Instead, we sought to identify distinct clusters of subjects, assuming they are randomly drawn from a population. We then aimed to compare this "naïve" solution with that obtained from purely clinical expertise. All analyses were carried out with SPSS (Release 16, 2007, Chicago: SPSS Inc) for Factor analysis and the R statistical software (2.7, Development Core Team, 2008) for cluster analysis.
RESULTS
The results are studied and analyzed from three approaches: descriptive, clinical, and statistical, in order to examine the semiology and the nature of DCD in children, to characterize the etiology and to identify the profile patterns of subtypes. First, all variables are transformed into scores based on the means and standard deviations of the national norms.
Descriptive Analysis
Concerning the pregnancies related to our sample, 35% (n = 15) of the children are born by caesarean delivery and for 40% (n = 17) particular medical circumstances were noted including three induced labours, three cases of umbilical cord entanglement, two detachments of the placenta, two forceps deliveries, one breech delivery, one neonatal jaundice, one hypertension, one pneumothorax, one oligo-amniosis, one heart disorder. Overall, there are 67% (n = 10) of the caesarean that are motivated by medical circumstances.
In the area of motor development, 77% (n = 33) of the children are sitting in the normal range of developmental scale (acquired before 9 months), 14% (n = 6) are borderline (on the limit) and 9% (n = 4) are delayed beyond 9 months for sitting. For walking, 67% (n = 29) are in the normal range, 19% (n = 8) are borderline and 14% (n = 6) are late walkers after 18 months. Furthermore, 65% (n = 28) do not crawl, 21% (n = 9) of the children present a delay in language (after 3 years), 35% (n = 15) present a refraction disorder (myopia, astygmatism, hypermetropia), and 19% (n = 8) present ENT disorders.
Difficulties with Lego blocks and completion of puzzles are reported by parents for 74% (n = 32) and 79% (n = 34), respectively. Overall, 28% (n = 12) of the children have language learning disabilities and 88% (n = 38) have school failure in mathematics, mainly for geometry or setting out sums correctly in arithmetic. We also noted that 88% (n = 38) have difficulties with handwriting. Impaired handwriting was characterized by spatial disorientation with letters irregular in shape and in relation to the lines, and sentences were not organized on the page, with spacing problems. Their writing is poor and they had more difficulty copying.
The mean for full IQ (FIQ) is 97.4 (±23.9), for verbal IQ (VIQ) it is 103.6 ± 22.9, for performance IQ (PIQ) it is 88.7 ± 22.7. There is a significant difference between VIQ and PIQ scores (t(42) = 6.45, p < .001): VIQ is generally 15 points higher (95% confidence interval, [10.2;19 .5]) than PIQ. In our sample a majority fails (score below 11/19) for subtests in the WPPSI-R, such as Geometric Design (70%), or Block Design (70%), Picture Completion (50%) and Arithmetic (80%) and in WISC-III with the subtests Object Assembly (73%), Block Design (73%), Picture Arrangement (50%), Coding (63%), and Arithmetic (50%).
The main results for the neuropsychological assessments are summarized in Table 1 as frequency of failure estimated from the whole cohort. In neuropsychological evaluation, most of children fail in visual-perceptual-motor tasks and on the visual motor integration test (Beery, 1982) were two years below the expected standard (±1 year and 6 months). Regarding the visual spatial structuring test, 60% were below 2 SD, for the visual constructive test children had about 22 months' delay ± 18 months, and for the visual spatial attention test only 35% (n = 14) had strategic difficulties. Few children (19%, n = 8) have difficulties with executive functions, such as mental planning, with a delay of around one year (±30 months). Handwriting is difficult in nearly all children, involving immaturity of motor control gesture or/and irregularity in spacing or shaping letters and in keeping to the line but there are only 19% (n = 8) presenting with dysgraphia. There were few visual perception difficulties.
The neuro-psychomotor functions battery (see Table 1 for details) for neuromuscular tone examination show some hypotonic children and some mild signs of motor pathway (pyramidal tract) disorder, with 19% (n = 8), bilateral and 15% (n = 6) left-sided, none on the right side. Tonic laterality is homogeneous for only 23% (n = 10) of the children but 70% (n = 30) have a right-hand tonic laterality in the upper-limbs and 7% (n = 3) left-hand. Laterality is for the majority right-handed in the sample. Spontaneous gesture laterality is right-handed for 67% (n = 29) and left-handed for 19% (n = 8). Usual laterality is right-handed for 70% (n = 30) of the children and left-handed for 19% (n = 8) whereas psychosocial laterality is right for 63% (n = 27) and left for 12% (n = 5). The three lateralities (spontaneous, usual, and psychosocial) are homogeneous, that is, on the same side for 63% (n = 27) of the children. Body spatial integration is appropriate for age for 30%, with 67% (n = 29) succeeding in relation to self, 26% (n = 15) in relation to others, 42% (n = 18) in relation to objects and map. Rhythmic tasks are generally well-performed in auditivo-visual-kinaesthetic tests but the spontaneous rate is slow for 51% (n = 22) ( Table 1) .
Neurovisual results showed difficulties for 37% (n = 16) of the children in horizontal pursuit and for 70% (n = 30) in vertical pursuit; 42% of the subjects (n = 18) show either horizontal or vertical pursuit impairment, while 26% (n = 11) are affected for both items. VEP is abnormal for 14% (n = 6) of the children with P100 peak latency increased. ERG is normal for all children.
Anatomical MRI is performed for 39 children because of 4 parental refusals. MRI is rated as abnormal in 15 children. The abnormalities are heterogeneous and non-specific: posterior peri-ventricular white matter anomalies with anomalies of left hyppocampus (n = 1); unilateral ventricular dilatation with small left hyppocampus (n = 1); ventricular dilatation and white matter posterior hyper-intensities with anomalies of hyppocampus (n = 1); hyper-intensity on T2 and Flair in the left pallidum (n = 1); multiple punctate white matter hyper-intensities on T2 and FLAIR sequences and dilated Virshow-Robin spaces (n = 2); dilated Virshow-Robin spaces (n = 3); small hyppocampus (n = 1); dysmorphism of the corpus callosum (n = 1) and non-specific cysts (n = 4) (ponto-cerebellar cyst, retro cerebellar cyst and peri-ventricular with dilated Virshow-Robin spaces, temporal arachnoidian cyst, frontal archnoidian cyst with multiple hyper-intensities in posterior white matter (n = 1). Among the 39 MRI scans collected during this study, 24 (62%) are considered to be normal.
Inferential Clinical Analysis
Inferential clinical analysis made it possible to distinguish different dyspraxia subtypes (Figure 1) . Supported by the clinical literature on apraxia and dyspraxia previously described, assessment of ideomotor dyspraxia includes non-habitual movements or non-meaningful gestures (Bergès, & Lézine, 1965; Ayres, 1972; Cermak, 1985; Dewey & Kaplan, 1994) and assessment of repetitive et alternating movement sequencing tests (Denckla, 1974; Dewey, & Kaplan, 1994) . Here a child scoring one standard deviation or more below the mean on both tests, imitation of gestures (Vaivre-Douret, 2002) and digital praxis (NP-MOT), was considered in our sample as having ideomotor dyspraxia.
Few studies have described visual spatial or visual constructional dyspraxia in children compared to adult apraxia. The main test for children used to identify the visual motor subtype, similar to visual spatial disability, is the VMI of Beery (1982; Hoare, 1994; Macnab et al., 2001) . We used different visual-perceptual-motor tests to clarify the nature of the visual motor impairment. A child who was at least one standard deviation below the mean on both tests, VMI (Beery, 1982 ) and Rey's complex figure (1959) was considered as having visual spatial dyspraxia. If the score on the block design in Khos's Test (1972) and the block design score in the Wechsler tests (WPPSI or WISC-III) were both one standard deviation below the mean, the child was considered as having visual constructional dyspraxia because these tasks require an object of construction to be handled in order to represent the visual spatial design. Blocks tasks involve also visual spatial processing but also required blocks to be assembled in three dimensions to form a global design. In addition, we assessed dressing-skill dyspraxia if there had been at least two failures in the relevant questionnaire items.
The Subtypes of Clinical DCD Identified
Ideomotor dyspraxia (IM). The mean age of this group was 8.2 years (±2.6) with 12% (n = 5) of the children. We found between 80 and 100% abnormalities for crawling, digital praxis, praxic slowness, imitation of gestures, digital gnosis, dynamic balance (with 60% of postural control difficulties), body spatial integration, handwriting (but not dysgraphia), hypotonia (60%), abnormalities in standing tone and homogeneous tonic laterality (60% for each), and visual pursuits (vertical and horizontal 60% and 40%) . No impairment of the pyramidal tract motor pathway or of manual dexterity was found, nor any visual-perceptual-motor or VEP disorder (Figure 1 ). The significant failure variables (p < .05) compared to VSC dyspraxia are digital praxis, imitation of gestures and digital gnosis.
Visual spatial and visual constructional dyspraxia (VSC).
The mean age of this group was 8.9 years (±3.0) with 44% (n = 19) of the children. We found abnormalities in 100% of the children for puzzles, for visual motor integration and for visual spatial structuring, 79% for Lego blocks, 89% for arithmetic, 84% for visual spatial constructional tasks and handwriting (26%, n = 5 dysgraphia), and 68% for vertical pursuit. In addition, 53% were found to present anomalies in visual refraction. In this group 5% (n = 2) of the children showed only a pure form of visual spatial dyspraxia without constructional trouble. Compared to IM group, the significant failure variables (p < .05) are puzzles, Lego blocks, visual motor integration, visual spatial structuring, and visual spatial constructional.
Mix dyspraxia (MD).
(including ideomotor and visual spatial and/or visual constructional with motor coordination and neuropsychological co-morbidities).
The mean age of this group was 7.7 years (±1.5) with 44% (n = 19) of the children. All abnormalities were noted, with a minimum of 10% of failure up to 100%. They are reported as for the preceding subtypes in Figure 1 . Compared to the aforementioned results, the most significant impairments (30% more of failure compared to IM or VSC dyspraxia) are: coordination between upper and lower limbs (84%), bimanual dexterity (84%), synkinesis (89%), manual dexterity (79%), dysdiadochokinesis (74%), oro-facial praxia (58%), executive function (37%). In 18% (n = 7) of our sample it was noted that the motor coordination disorder (gross motor, bimanual, and manual dexterity) was not systematically associated with dyspraxia in visual spatial structuring and visual constructional dyspraxia subtype nor in visual spatial dyspraxia subtype. Moreover, there was no visual spatial structuring, visual constructional or visual motor-integration disorder in ideomotor dyspraxia.
Comparison of IQ between the three groups of dyspraxia showed significant differences, FIQ (respectively for IM = 109 and VSC = 108) was significantly lower (between-groups ANOVA, F(2,37) = 6.91, p = .003) for MD (FIQ = 84), as was VIQ = 90 (F(2,37) = 7.94, p = .0013) with, respectively, for IM = 112 and VSC = 115 and PIQ = 77 (F(2,37) = 6.38, p = .004), in comparison to the two other groups (IM = 107, VSC = 96). Post-hoc comparisons indicate that these differences were found to apply to each group comparisons (Tukey HSD, all p < .05). The mean difference between VIQ and PIQ was always in favor of VIQ for all dyspraxia groups, but visual spatial/visuo-constructional and ideomotor dyspraxia showed a larger mean differences with 19 points and 18.5 points, respectively, while we found only 13 points difference for mix dyspraxia pointing to greater impairment in this case. There were certain subtests in the WPPSI and WISC-III in which children frequently failed.
Some strong significant correlations between items and dyspraxia subtypes are interesting from a clinical point of view. Only the following items were not significant at the 5% level: crawling, first sentences (language), handwriting, standing tone, homogeneous psycho-social laterality, body spatial integration, auditory memory, vertical pursuit, and VEP (neuro-visual). Although tests were not corrected for multiple comparisons, it should be noted that significant differences between subgroups were generally associated with p-values <.00001. Given the number of univariate tests, using a Bonferroni correction still yields significant p-values at the 5% level.
We compared the profile of subjects with normal and abnormal MRI (n = 9) scans within each group, excluding IM patients since they all have a normal MRI scan. It should be noted that these comparisons are largely limited by the sample size and should be viewed as purely descriptive. For the VSC group, we noticed that the following items consistently differ according to MRI status: dynamic balance, coordination between upper and lower limbs, postural control, homogeneous tonic laterality, and usual laterality between upper and lower limbs showed a higher failure rate for normal MRI, whereas the reverse was observed for crawling and first sentences. For the MD group, subjects with abnormal MRI were more often in failure for first sentences. Overall, for subjects with abnormal MRI, regardless of the group of dyspraxia, there seem to be differences showing that there are more frequent language learning disabilities, more memory disturbances (auditory, working and kinaesthetic memory), more disorders in visual perception and executive functions, in auditory attention and in VEP.
Factor Analysis
Factor analysis has the ability to draw together highly correlated variables and helps to identify underlying, not directly observable constructs. Our aims were initially to uncover a set of meaningful latent factors, through the correlation structure of our 50 descriptors, that might facilitate further interpretation of the main characteristics of dyspraxia. All but one variable (Neuro-visual ERG) were submitted to a Factor Analysis, followed by a VARIMAX rotation so as to facilitate the interpretation of the variable loadings on the factorial axes. As there are 43 subjects in this study, only the first 43 principal components (out of 49) were retained. This factor model should be viewed as a semi-exploratory tool to filter out the most relevant descriptors among the entire set of variables. The results suggest that three factors might well describe the underlying structure, as evidenced by their eigenvalue greater than 1 and their associated communalities. In the description of factorial structure below, we are considering a cutoff value of .300 (in absolute value) for variable loadings. With such a cutoff, any highlighted variables are expected to explain a minimum proportion of 9% of shared variance with the underlying dimension. This value is also just above the value of a reliable correlation coefficient for that sample size. It should be noted that with such a restriction, some of the variables (e.g., Crawling, ENT disorders) still cannot be included in the constructs under consideration. These are mainly secondary variables.
As can be seen from Table 2 , Factor 1, which accounts for about 20% of the total score variance, is associated with variables about dominant abnormalities in muscle tone and motricity; we consider this factor to reflect underlying tonico-sensory-motor disabilities. Factor 2 is associated with dominant abnormalities in visual-spatial and visual-constructional tasks, hence it is considered to reflect underlying visuo-spatial-motor disabilities. Finally, anomalies in learning abilities are reflected in Factor 3. For the first principal factor, digital praxia, dynamic balance, coordination between upper and lower limbs, and dysdiadochokinesis have among the highest loadings, as well as communalities (i.e. unique variance or variance adjusted for all other variables). Obviously, these variables appear to be good proxies for dyspraxia but if we examine the structure of factor 2 more closely, we can see that the most significant variables associated with it are: puzzles, arithmetic, visual motor integration, and visual spatial structuring. These are specific descriptors for visual spatial and visual constructional dyspraxia subtypes, as described in the preceding section.
Cluster Analysis
It has been demonstrated that cluster analysis (Hoare, 1994; Macnab et al., 2001 ) is a useful tool in the identification of subtypes of DCD. However, According to Macnab and colleagues (2001) the selection of variables should be guided by a clearly stated theoretical framework in order to guide the interpretation of the results. We retained 49 variables, as before, in order to understand the nature of the disorder. Various clustering strategies have been proposed, depending on the kind of data at hand and theoretical assumptions for the way individuals should be grouped together (e.g., Forgy, 1965; Hastie, Tibshirani, & Friedman, 2001) . We primarily used an agglomerative (hierarchical) clustering procedure based on squared Euclidean distance and Ward's criteria to partition the dataset into subgroups whose characteristics might well describe the typology observed through clinical inspection of the subjects.
Inspection of the dendrogram leads to the selection of 3 clusters comprising n = 5, 21, and 17 subjects. For each cluster, we estimate the frequency of failure for each item considered previously and compare these frequencies with those defined by the clinical diagnosis. This allows us to identify each cluster with one of the three groups of patients considered so far. Comparing the profile for the clinical and cluster classifications shows that they agree very well for each type of dyspraxia, and only four subjects (9%) were misclassified. It is worth noting that the five subjects originally classified as suffering from ideo-motor dyspraxia belong to the same cluster. Misclassification only occurs for visuo-spatial (n = 3) and mix dyspraxia (n = 1) but this is less surprising as only ideo-motor dyspraxia clearly differs from the other two (see Figure 1) . Variance accounted for by each factor is indicated in parenthesis. Communalities (h 2 ) are reported in the second column. To help uncovering the underlying latent structure, variable with factor loading > .300 have been highlighted in boldface (See text for details).
Factor 1 reflects underlying tonico-sensory-motor disabilities. Factor 2 is associated with dominant abnormalities in visual-spatial and visual-constructional tasks. Factors 3 reflects anomalies in learning abilities.
Considering an additional fourth cluster allows us to discriminate between subjects suffering from mix (n = 8) and visuo-spatial dyspraxia (n = 2) with respect to various forms of motor and learning abnormalities (results not shown).
In the following, we propose a short summary of the three-cluster solution. Patients included in Cluster 1 (visuo-spatial and visuo-constructive, n = 17) are 9.1 ± 2.7 years old, with 18% females (n = 3). Subjects have a mean FIQ of 111.9 ± 19.7, with a VIQ of 118.4 ± 17.5 and a PIQ of 99.7 ± 20.7. For Cluster 2 (mix dyspraxia, n = 21), we note a mean age of 7.3 ± 1.5 years, with 10% females (n = 2). Subjects have a mean FIQ of 83.0 ± 21.2, with a VIQ of 89.6 ± 20.7 and a PIQ of 75.5 ± 18.5. Finally, subjects in Cluster 3 (ideo-motor dyspraxia, n = 5) have a mean age of 8.2 ± 2.6 years, with 60% females (n = 3). Subjects have a mean IQ of 109.0 ± 4.9, with a VIQ of 111.6 ± 9.4 and a PIQ of 106.6 ± 11.3. Again, IQs differ significantly among the three groups (all p < .001 from separate Between-group ANOVAs). If we only consider the additional fourth cluster (n = 10, mean age 7.8 ± 1.2 years, 10% females) derived from the second analysis, subjects have an FIQ of 78.6 ± 25.8 (VIQ, 85.9 ± 25.4, PIQ, 74 ± 20.5) which confirms their similarities with the mix dyspraxia subgroup.
DISCUSSION
An important result of this study is that is has shown the validity and consistency of two approaches, clinical and statistical. The clinical approach was based on a theoretical position and on our own experience in identifying developmental dyspraxia in DCD groups, using an extensive battery of tests focused on academic, language, cognitive, visual-spatial, and visual-motor perception skills, and a complete battery of neuro-developmental psychomotor tests, including motor coordination and neuromuscular tone examination. We also performed neuro-visual examinations examinations in addition to NP-MOT assessment scale (VaivreDouret, 2006 ).
It should be noted, however, that we did not use a standard instrument, such as BOTMP (Bruininks, 1978) . Clearly, the indirect correlation (via LOMDS) between the NP-MOT and BOTMP instruments, with the latter being considered as a reference tool for establishing diagnostic criteria with respect to DCD, is not sufficient to provide clear evidence of the diagnostic properties of the NP-MOT. Although we never estimate the shared variance between NP-MOT and BOTMP, we consider that the NP-MOT yields a classification that is in agreement with both DSM-IV criteria (presence of DCD, yes or no) and performance-centric assessment provided by the BOTMP. Furthermore, NP-MOT allows a finer assessment of motor disorder (compared to criteria A of DSM-IV), with both a qualitative and quantitative approach. Hence, it is very unlikely that we overestimate DCD prevalence with our instrument. Moreover, our instrument allows to better delineate individual profile within the same DSM category, in our case DCD.
Subtype Analysis
The results of our study showed that children with DCD could be classified into at least three clinical subtypes of dyspraxia (ideomotor, visual spatial/constructional, mix) with one more subtype, visual spatial dyspraxia, which could be isolated, or into three similar robust subtypes (clusters) that showed different patterns of performance on neuropsychological, neuropsychomotor and neurovisual measures. There was a group of children with deficit in all motor skill areas, which we named mix dyspraxia, as demonstrated in the majority of studies on DCD. This group combines the two other "pure" subtypes of dyspraxia we have identified (IM and VSC) and entails co-morbidity with other abnormalities.
It is, however, interesting to analyse the variables of the "pure" forms of dyspraxia whatever the group (visual spatial, constructional, ideomotor without including mix dyspraxia (Figure 1 , dashed and dotted lines), as there are variables that are not markedly involved (>30%). They therefore appear to be co-morbidites of the abnormalities most often found in mix dyspraxia with a spectrum of non verbal learning disorder according to Rourke (1995) . These co-morbidities are, from a neuropsychological viewpoint, (1) learning difficulties in areas such as language, writing, executive function, cognitive-auditory memory, kinaesthetic memory, auditory attention, VEP; (2) behavioral, such as hyperkinesis. In addition, there are few disorders of hemispheric organization related to laterality, which remains, as in the general population, right-dominant. When disorders do occur, they are related to distal spaticity of gastrocnemius muscle with axial hypertonia, hemiparesia, or axial hypotonia.
Regarding the milestones of motor development, sitting or walking at a late stage are fairly infrequent, but it is important to note that a large number of subjects are borderline to normality (14% for sitting and 19% for walking) or development is delayed (9% for sitting and 14% for walking). Crawling is the motor stage that is the most often not acquired (65%). Manual dexterity and bimanual dexterity are disorders present above all in mix dyspraxia. Thus if it can be considered that mix dyspraxia is an association of "pure" forms of dyspraxia (ideomotor, visual-spatial, visual-constructional) , there could also be co-morbidity of neuro-developmental abnormalities characterising motor coordination disorders in this group, since these abnormalities are significantly more numerous in this group (χ 2 test, df = 2): dysdiadochokinesis (χ 2 = 10,17, p < .006), orofacial praxia (χ 2 = 10.11, p < .006), coordination upper/lower limbs (χ 2 = 17.05, p < .0001), manual dexterity (χ 2 = 17.39, p < .0001), bimanual dexterity (χ 2 = 11.24, p < .004). Thus these variables might be authentic specific markers of motor coordination disorders and are not necessarily present in the group of pure dyspraxia.
In addition, we were able to isolate a subtype of dyspraxia involving VSC dyspraxia, which implicates few or no gross motor skill disorders (see Figure 1) . This may mean that gross motor disorders are not necessarily associated with dyspraxia. We also can note that no pure form of dressing skill dyspraxia nor of oro-facial dyspraxia was found. Thus these two types of disorder could be consequences that are linked to the different types of dyspraxia identified. They do not appear to form a particular type of dyspraxia.
The neural bases involved in symptomatology of mix dyspraxia may involve the same brain areas as in "pure" dyspraxia but with associated co-morbidity enhancing the motor difficulties in hemisphere and inter-hemisphere or automatized coordination. We therefore conclude that dyspraxia can be associated with specific motor coordination disorders, on the one hand with motor pathway disorders from the motor cortex (pyramidal origin for voluntary motricity) or gross motor/fine motor deficit of coordination, and on the other with specific neuro-psychological disorders (memory, executive function, . . .).
We have shown that learning disorders coexist with dyspraxia, a condition in which more language disorders are observed in IM dyspraxia compared with VSC dyspraxia, and more disorders in mathematics (geometry) for VSC dyspraxia compared to IM dyspraxia, while it is mix dyspraxia that accumulates the largest number of learning disorders.
Impact of Visual-Motor Perceptual Impairments
Finally, in all the recent studies of DCD clusters (subtypes), a group of children is consistently found with motor performance deficits in all areas, where the main feature is a severe impairment in motor coordination. The other subtypes are very heterogeneous between those studies providing an adequate range of variables.
Like the Lyytinen and Ahonen (1988) and Miyahara (1994) studies, in our sample, significant differences in IQ scores were found among subtypes, but in addition we derived similar IQ ratings from clinical and cluster analysis, and IQ was lower in the subtype with all deficits. In addition, there is often a significant difference between VIQ and PIQ, as already noted by other authors (e.g., Maeland & Søvik, 1993) but for ideomotor dyspraxia, these differences are not significant.
The relationship between DCD and visual motor perceptional impairment is not established because only five recent studies (Lyytinen & Ahonen, 1988; Dewey & Kaplan, 1994; Hoare, 1994; Macnab et al., 2001; Shoemaker et al., 2001 ) investigated visual-perceptivo-motor tasks. Indeed, in data analysis in many studies, there is a confusion between visual-motor and visual-perceptual skills. In fact, few perceptual deficits are found. Some research has indicated that both visual (e.g., Hulme, Smart, & Moran, 1982) and kinaesthetic (e.g., Laszlo, Bairstow, Bartrip, & Rolfe, 1988) difficulties are common in children with DCD, but according to other studies (e.g., Hoare & Larkin, 1991) , there is no relationship between motor coordination and kinaesthetic sensitivity; in addition, in our results, 85% of the children performed equally well in auditory-visual-kinaesthetic tasks and 79% in visual perception. Henderson, Barnett, and Henderson (1994) did not establish any significant correlation between a visual discrimination task and any of the other motor tasks.
If the results obtained in recent studies on clusters using perception measures are considered, the studies by Hoare (1994) and Macnab and colleagues (2001) reveal a cluster in which kinaesthetic sensitivity is particularly disturbed, and two clusters where there are visuo-motor disturbances in association with dynamic coordination disorders (running), as well as one cluster where there is only a visual-perceptive disorder. Thus these results show a possible separation of perceptual functions arising from sensorial (visual, kinaesthetic) or motor (visual motor) inputs. In the results obtained by Lyytinen and Ahonen (1988) there is a similar separation between kinaesthetic, perceptual, and visual motor integration. In the study by Dewey and Kaplan (1994) who used visual-perceptual tests with a motor component, these authors evidence visual-perceptual motor disorders in all cluster except the controls. These results, in accordance with our findings, suggest that a relationship may exist between motor development disorder and visual-perceptual motor skills. As evidenced by the Factor analysis results, most of the visual-perceptual related variables used in this study load onto the same factor, visuo-spatial-motor disabilities (Factor 2 in Table 2 ), which means that they are inter-related (through their shared correlation with this latent composite) in some way. Dewey and Kaplan (1994) did indeed wonder "what impact visual-perceptual impairments have on children's ability to perform gestures and motor sequences." Since our results revealed few perceptive disorders (kinaesthetic or visual-perceptive) but considerable visuo-spatial motor disorders (not correlated to the other perceptive disorders) and eye pursuit disorders, it can be thought that subjects perceive efficiently, but that it is the motor action that results from the task perceived that is affected. This could take place either on the level of sensory-motor conversion of the movement. The idea that sensory-motor control and visual information processing are strongly interrelated in the brain has been advocated by several authors during the last decades. Milner and Goodale (1995) proposed a distinction between two systems of vision, one oriented toward perceptual decision, the other dedicated to action control. In addition to mediating visual processing in the direction of two distinct functional endpoints, these systems are wired in separate pathways in the brain, both starting from occipital visual areas and ending in the temporal (ventral stream) or parietal (dorsal stream) areas. The dorsal pathway has an important relationship with the oculo-motor networks, which involve the parieto-occipital lobe, the frontal lobe, the cerebellum, the basal ganglia, and the brainstem in the performance of eye movements. Although this model makes it possible to explain some interesting neuropsychological observations (e.g., in visual dysgnosia and visuo-spatial trouble), other authors have challenged this somewhat strict anatomical and functional segregation of processes related to the processing of visual inputs for perception and action (e.g., López-Moliner, Smeets, & Brenner, 2003) . It is now widely agreed that perceptual and motor-related activities interact from early stages of visuo-motor processing, and that visual interpretation and the control of goal-directed arm movements are not to be viewed as distinct units of treatment in the brain. In the Shoemaker and colleagues (2001) study using visual-perceptual and visual motor tasks, the authors concluded that the motor component present in some visual-motor integration tasks seemed to contribute more to poor performance in the DCD group than the perceptual component. These findings are in accordance with our results and the results found in the study by Van Waelvelde, De Weerdt, De Cock, and Smits-Engelsman (2004) where not all children with DCD have problems with visual-perceptual and/or visual-motor integration tasks. In this case, the visual-perceptual impairment of some of the children with DCD is not the cause of their motor impairment. The heterogeneity of the results in the studies between DCD and control groups can be explained by deficits associated with the confounding co-morbidity of developmental disorders.
Gross Motor Deficits Versus Fine Motor Deficits
Motor deficits that we found in our study can be partly separated into gross motor and fine motor between gross motor deficits and fine motor deficits. In addition, as in the findings reported by Hoare (1994) gross motor deficits can be separated between static balance and dynamic balance impairment. Our findings show that gross motor disorders (static and dynamic) are most commonly (p < .003) coordination disorders between upper and lower limbs (asynergy) found in mix dyspraxia and more indicative of problems with general control of coordination, or inter-hemispheric connectivity, that possibly characterises specific motor coordination disorders. There are indeed more frequent bi-manual dexterity disorders, and manual dexterity is related to mix dyspraxia. Finally, motor deficits evidenced in the different types of dyspraxia groups are either soft signs linked to cerebellar control (synkinesis, abnormalities in muscle tone for instance) or else they are motor disorders involving impairment of planning and programming functions (quality of the gesture) or slowness (quantitative aspect) in the act of motor execution, pointing to dysfunction of the basal ganglia and the cerebellum. When dynamic balance is affected in ideomotor dyspraxia, it appears to relate more to a problem of postural control and axial hypotonia. Gubbay (1979) had already reported problems in handwriting. Handwriting disorders were frequent in our sample and characterized by a maladaptive grasp gesture, by poor motor control, and by irregularity, but it is distinct from dysgraphia, which was rarely found (20%) and where there is spatial disorientation. We agree with Wann (1987) who proposed that children with DCD demonstrate poor handwriting because the underlying mechanisms in the organization of this skill are inadequate for the sophisticated movements required (Wright & Sugden, 1996) .
Visual-motor ability appears important for handwriting to assist orientation of the various grapheme strokes on the line and relative to their position on the page. All the mechanisms implicated in handwriting disorders, so long as they are not the results of a motor disorder (hemiparesia), result from difficulties in planning and programming movement, in accordance with our model. Representational gestures were not widely impaired (9%) in our sample, which contrasts with impairment of imitation of non-representational gestures (56%), similar to the findings of Dewey (1991) . Once more, these results point to visual motor perceptual problems rather than to visual mental perceptual problems. The findings of our studies indicated that there is greater difficulty in planning bimanual asymmetrical coordination versus bimanual symmetrical coordination, with slower movement times in ideomotor and visual spatial/constructional praxia. These deficits are significantly related to dysdiadochokinesis and problems of rhythm adaptation suggesting deficits in both motor planning and programming (control) rather than impairment of the callosal pathway that transmits information between the right and left hemispheres.
The difficulties in body spatial integration that we found were essentially designation errors (left/right) on the other person's body on the one hand, and, on the other, imitation errors (including reversibility) of unilateral postures (right hand on right eye) and especially contra-lateral (right hand on left eye) crossing the median body line, although performance is better when following instructions. Again, this is in line with the idea that motor activities depend on correct integration of visual signals linked to body axis. Likewise, children may succeed in tests on orientation in relation to objects even if they fail on imitation tests. This highlights the fact that these problems are probably linked to poor integration of the spatial reference provided by the body axis which hinders the identification of right and left in self and hence in others. The higher the IQ, the better a child is able to compensate for difficulties by way of an internal language and mental representation enabling him to perform correct imitations with merely slower timing. Finally, we also noted more difficulties in spatial bodily integration in case of axial hypotonia.
Anatomical MRI
Although studies examining computerized axial tomography (CAT) scans of clumsy children did not find any consistent pattern of localizable areas according to Bergstrom and Bille (1978) , Knuckey and colleagues (1983) , they did find a higher incidence of abnormality, as we did (about 35%). The MRI data show that subjects with abnormal MRI, regardless of the group of dyspraxia, seem to highlight more frequent language learning disabilities, more memory disturbances, more disorders in visual perception and executive functions, in auditory attention and in VEP. Subjects with abnormal MRI have different patterns of failure in the VSC and MD group, except for first sentences which has always a higher failure rate in subjects with abnormal MRI in both groups. Despite the small sample size, this suggest that incidence of abnormalities on anatomical MRI might not be specific to dyspraxia, but rather related to co-morbidity of learning disabilities.
Thus, whatever the type of analyses of profiles of dyspraxic children (clinical, cluster, MRI), the result confirm on the one hand the precision of our clinical approach, and on the other the validity of the selection criteria for our DCD sample, such as characteristics of subjects, birth term and the non-inclusion of physical abnormalities. Few studies have incorporated these individual data, as noted by Hoare (1994) . A number of studies in the literature have attempted to describe subgroups or clusters within the population of children labelled DCD. However, most of these have focused on a level of analysis that ignores differences within the perceptuo-motor and cognitive domains. Moreover, these studies neglected neuromuscular tone examination, focusing on soft neurological signs (such as hypotonia, hypertonia with spasticity of the gastrocnemius, dysdiadochokinesis, synkinetic movements). Sanger and colleagues (2006) are critical of the fact that these additional signs have not yet been adequately studied in children.
The initial selection of variables is of great importance because the choice of measures has an impact on the understanding of the nature and etiology of a condition. Most studies have used screening measures of performance on certain developmental milestones derived from mix motor tests (such as M-ABC, BOTMP, TOMI), which unfortunately do not take into account qualitative and quantitative aspects of gesture in the score.
Possible Neuronal Mechanisms Underlying Subtyping of Dyspraxia
The results of the Lundy-Ekman et al. study (1991) suggested problems in clumsy children, at least for certain subpopulations of children, similar to those of patients with either cerebellar or basal ganglia dysfunction. It is known that basal ganglia are linked to the pre-motor frontal cortex. The roles of the extra-pyramidal system are also known, and they contribute to the regulation of tone and to postural adaptation and motor control. Any disorder affecting this system shows up not in a decrease in muscular strength, but in disturbances in the initiation and the regulation of gestures (control). The cerebellum plays an important part in the coordination of various neuromuscular activities and in motor learning. It has a role in the control of tone, reinforcing it and thus enabling balance on the one hand and regulation of walking on the other; it participates in the performance of fine voluntary gestures (precision) and in the timing of movements according to Keele, Pokorny, Corcos, and Ivry (1985) and Volman and Geuze (1998) . If the cerebellum is affected, this can explain hypotonia, balance disorders, dysdiadochokinesis, and asynergy (of automatic postural responses) and it is also involved in attentional disorders (Fiez, 1996) .
Thus the etiology of dyspraxia suggested by Dewey and Kaplan (1994) according to Roy's adult model, with a mainly frontal dysfunction in the frontal and parietal-occipital areas, could have a different origin in children with "pure" developmental dyspraxia because the difficulties are closer to motor planning disorder and programming disorder than to executive disorder. As suggested by the Lundy-Ekman et al. study (1991) and regarding our clinical results, we think that the etiology of developmental dyspraxia relates to the subcortical network of the brain rather than the cerebral cortex. Indeed it should be noted here that unlike adults with apraxia who have a disorder in the execution of already learned movements (Geschwind, 1975) , the child with developmental dyspraxia has an impairment in the performance of planning of new skilled or non-habitual motor tasks (Ayres, 1972) . Ayres emphasized the role of the tactile system in motor planning, involving dysfunction of the dorsal column medial lemniscal system, and the role of vestibular processing in gross motor dysfunction. We consider that the thalamus could explain the specific dysfunction in common to the different types of dyspraxia groups. The thalamus is the relay for all sensory pathways (with the exception of olfactory pathways) between the periphery and the cortex: (1) It is a very localised relay for the lemniscal pathways (somaesthetic, tactile and proprioceptive). Part of the thalamus (the lateral ventral posterior nucleus) (LVP) receives influx from a particular region of the opposite body half (according to the somatopia of the different body regions). Thus the thalamus plays a part in the transmission of specific somaesthetic influxes, it discriminates and selects, that is, it has a partial function of sensory integration, which could explain ideomotor dyspraxia when it malfunctions. Indeed, the LVP nucleus in turn projects to the parietal cortex and the efferent axons reach the ascending parietal circumvolution which is the primary somaesthetic zone, and where there is a representation of the body-image enabling identification of the origin of a stimulus (tactile and articulatory). Thus if incorrect somaesthetic information is transmitted by the thalamus, this can upset body representations and thereby the planning function, on account of planning motor action involving a digital perception, and digital praxia, as in imitation of gestures. In the performance of motor sequences, Ayres (1977) identified problems in tactile perception, where the deficit in body representation is related to deficits in processing somato-sensory information. (2) The thalamus in an integrator of motor function in the two man loops of extra-pyramidal control (in connection with the lenticular nucleus and the cerebellum) and cortical control of motricity, which could explain, in case of dysfunction, difficulties in visual-perceptive-motor planning or perceptive-motor planning noted in VSC dyspraxia. These are difficulties in visual-spatial and motor integration. Further to this, the ophthalmic difficulties in our sample (with 35% presenting refraction disorder) in line with Mon-William, Wann, and Pascal (1994) , cannot on its own explain the difficulty of dyspraxic children with motor control. None of the children in our sample had a retinal dysfunction, and ERG was normal. This might again be explained by the role of the thalamus which has a part known as the corpus geniculatum that receives the optical pathways and projects on the primary visual area (occipital lobe). This could explain VEP abnormalities in VSC, and especially in mix dyspraxia showing a functional integrity disorder in the afferent visual pathways, hampering the flow of information to the primary visual cortex. Concerning the maintenance of smooth pursuit eye movements, the brain must keep track of pursuit velocity to reconstruct target velocity from the motion of retinal images. However, a recent study by Tanaka (2005) has shown that many neurons in the ventro-lateral thalamus exhibit directional modulation during pursuit, and he concluded that the central thalamus regulates and monitors smooth pursuit eye movements. As in the study by Ingster-Moati et al. (2005), we found a significant number of children with developmental coordination disorder such as dyspraxia, who presented saccadic horizontal smooth pursuits (SP) and frequently vertical saccadic SP (Ingster-Moati et al., 2009) . It appeared that vertical SP in children with DCD was impaired more often than in the normal population, even allowing for the known slowness of maturation in vertical SP (Grönqvist et al., 2006; Ingster-Moati et al., 2009) . The cerebellum and the brainstem are likely to be involved in this maturation processes and to play an important role in the control of smooth pursuit eye movements via feedback loops involving the basal ganglia and thalamus. (3) By way of its non-specific nucleus, the thalamus is involved in the control of vigilance and attention along with the cerebellum, explaining difficulties noted in visual-spatial attention.
Suggested Integrative Model for Developmental Dyspraxia
Finally, our previous speculative integrative model for developmental dyspraxia (Vaivre-Douret, 2007) improved here (Figure 2 ) remains valid to speculate on the neural basis of the different forms of developmental dyspraxia. Dyspraxia is a disorder of the intentional gesture aimed at a target where the planning and/or programming of the movement is disturbed in specific way in the subcortical zone and the cerebellum, leading to a disorder in sensory-motor and spatial-temporal integration. Afference of perceptual functions is good in dyspraxic children, but the planning of the movement is disturbed in the basal ganglia and the thalamus, where extra-corporeal sensory-perceptual indices required for the task (tactile, kinaesthetic, visual, auditory) are integrated. In this case, incorrect information is sent to the cortex (prefrontal, parietal, temporo-occipital) and movement planning is disturbed and it cannot be automatically corrected because there is dysfunction of the cerebellum-thalamus-basal ganglia circuit. However the role of movement planning is to provide the spatial and temporal parameters for movement with the back-up of retro-actions (controls) that are proprioceptive (information on the position of the hands in space and the displacement of the body) and vestibular (information in the inner ear), which participate in the visual and auditory balance of the body when it changes its position. This circuit projects the influx onto the pre-motor cortex (movement coding) and the motor cortex enabling the execution of movement (Figure 2) . The basal ganglia thus have an important role in preparing or initiating movement and in suppressing undesired movements.
The nature of disorders in developmental dyspraxia is similar in both planning functions (IM dyspraxia) and programming functions (control) (VCS dyspraxia) and the etiology seems to be subcortical occurring in constitutional developmental disorder. In our sample a considerable proportion of subjects (40%) experienced abnormalities in the neonatal period.
The executing mechanisms and the cortex seem to be intact in the "pure" dyspraxia group. In case of executive motor dysfunction, this concerns a co-morbidity of abnormalities, which can affect the motor pathway (pyramidal) in moderate manner (spasticity, hemiparesia, dysdiadochokinesis) or inter-hemisphere and automatic control, causing global coordination disorders found in mix dyspraxia. 
CONCLUSION
The results of the present study constitute a better understanding of the nature and etiology of the different forms of dyspraxia in DCD group, and they have enabled the definition of subtypes of "pure" dyspraxia within a population of DCD children. Correlation analysis is the prime tool for investigating associations among different deficits occurring in DCD. The patterns of abnormalities in the different categories of dyspraxia evidenced by this study, also evidenced in cluster analysis, constitute an important contribution for clinicians and researchers to obtain specific diagnostic criteria. We were able to isolate specific motor disorders in the subgroup of mix dyspraxia that are characteristic of specific motor coordination disorders. We refer to the activation of selected muscles in response to demands of voluntary movements (in manual dexterity, coordination of upper/low limbs, orofacial praxia, diadochokinesis). Thus, "pure" developmental dyspraxia may be distinct from specific motor coordination disorders. Moreover, in the case of motor coordination disorder, it can be associated with more numerous neuropsychological disorders and soft neurological signs.
On the basis of the findings in this study, we can conclude that planning and programming are the core problems of children with developmental dyspraxia, and that this should not be confused with problems of motor execution, or of inter-hemisphere motor control, or with any visual or visual perceptual disorder. In the general assessment of children with DCD, we recommend the integration of investigations involving standardized neuromuscular tone examination, visual motor perceptual versus visual perceptual tasks, neurovisual tasks, and use of standardized development measures with qualitative and quantitative measures of coordination, praxia, laterality, gnosia (perception), and body integration. Complementary neuro-psychological tests are often required to explore associated learning difficulties (executive, memory, attentional). Indeed, the choice of appropriate measures has an impact on understanding of the nature and etiology of disorders.
Our findings constitute a major contribution to clearly define the nature of DCD, completing the DSM-IV-R definition with clinical signs criteria. Thus they should enable therapists and teachers to better understand how to help the dyspraxic child with or without motor coordination disorder. We think it is worthwhile encouraging a therapeutic approach based on cognitive strategies and/or mental imagery depending on the particular type of task, in order to lessen difficulties in motor planning and programming. This does indeed appear as one of the most beneficial therapeutic approaches from the results of the meta-analyses by Polatjko and Cantin (2005) .
mouth. Standing tone is evaluated by the child, seated on the floor, having to resist the different pushes by the examiner (right, left, backwards, forwards).
Gross Motor-Control Tasks
Gross motor control (dynamic and static) is scored for posture of the body and limbs and performance of balance. A score of general limb coordination (between upper and lower limbs) is recorded for flying jump (i.e., jump with feet together), spontaneous walk and a score for postural control on landing after a jump (landing with two feet together).
Laterality
Spontaneous gesture laterality is observed with four verbal command items where the child is asked, for example, to put one hand above the other hand, or to cross his arms, the dominant hand being always above the other. Usual laterality of upper-limb (hand), lower-limb (foot), and eyes are examined using objects. It reflects the spontaneous laterality observed in children when presented with a new object that they have to interact with (e.g., grasp an object or shoot a ball). Normally, usual laterality of upper-limb is the same as for lower-limb and is in this case considered homogeneous. Psychosocial laterality is observed from six mimes (representational gestures) performed on verbal command, similar to the test used for transitive gestures by Dewey (1993) .
Praxis
Manual praxis examination consists in assessing timing and ability to sequence the performance of repetitive and alternating movements, copying the action demonstrated by the examiner using bilateral hand pronation-supination, with symmetrical and asymmetrical movements (bimanual dexterity), followed by digital praxis, for instance speed of repetitive index-finger-thumb touching for each hand; successive touching thumb to fingertips for each hand, eyes open. These tasks are similar to those used by Denckla (1974) and Dewey and Kaplan (1994) .
Digital Perception (Gnosis)
Localization of digital tactile stimuli are evaluated from successful performance when the child, one hand concealed, is asked to show on the other (not to name) the concealed finger touched.
Manual Dexterity
Manual dexterity is assessed for each hand recording time and fine motor quality. It consists in putting one by one the row of twelve counters into a box placed above the row counters in the middle. Task has to be completed as fast as possible.
